The self-catalytic protein splicing mechanism is mediated by the intein plus the first amino acid following the intein C-terminus (termed the +1 residue). Although polymorphisms of conserved residues elsewhere in inteins have been widely reported, no splicing-competent intein has been observed without a Ser, Thr or Cys in this functionally essential +1 position. This residue is the nucleophile in two steps of the protein splicing pathway: ligation of the extein fragments during transesterification and formation of a peptide bond between the exteins by an acyl rearrangement. An intein-like element in a hypothetical protein (gene Magn8951) from Magnetospirillum magnetotacticum has all intein signature sequences except the +1 residue, where it has a Tyr. Although the Tyr side-chain hydroxyl can potentially mediate the transesterification reaction, an acyl shift has never been observed with this residue. When the activities of this bacterial intein-like element were studied, protein splicing was not observed and N-terminal cleavage predominated. Mutation of Tyr + 1 to Phe or Ala indicated that the Tyr side-chain hydroxyl was not necessary for N-terminal cleavage. Protein splicing activity could be rescued by 'reversion' of Tyr + 1 to Cys.
Introduction
Inteins are intervening sequences that are spliced out of a precursor protein. They are self-catalytic, single-turnover enzymes that have been defined by the splicing reactions they perform ( Figure 1 ) [1, 2] , by conserved sequence motifs [3, 4] and by a conserved structural fold shared with Hedgehog autoprocessing proteins [5, 6] . Standard inteins begin with a Ser or Cys, which undergoes an acyl rearrangement to generate a (thio)ester bond at the N-terminal splice junction. The first extein residue after the intein C-terminus (termed the +1 residue) is also a Ser, Thr or Cys. This amino acid performs two essential nucleophilic displacements: a transesterification reaction that results in extein ligation and an acyl rearrangement that generates a peptide bond between the ligated extein fragments after the intein has been released by cyclization of the intein C-terminal Asn or Gln. Other residues within the intein facilitate these nucleophilic displacements.
As of September 2003, over 160 inteins have been registered in InBase, the online intein database (http:// www.neb.com/neb/inteins.html) [7] . As more inteins have been characterized, more polymorphisms have been observed in conserved motifs and in the intein-mediated proteinsplicing mechanism. For example, some inteins begin with Ala and splice by a second mechanism [8] that differs from the standard mechanism in that the +1 residue can directly attack a peptide bond at the N-terminal splice junction without prior formation of an N-terminal (thio)ester linkage ( Figure 1) .
Magnetospirillum magnetotacticum strain MS-1 belongs to the α-subdivision of the proteobacteria [9] . A hypothetical protein (gene Magn8951; NCBI accession number ZP 00056122.1) from M. magnetotacticum contains a 141 amino acid intein-like element that has a Tyr + 1. This element is inserted after Ser-280 in Magn8951 and the C-extein is only 24 amino acids. Although the side chain of Tyr could possibly perform a transesterification reaction to ligate the two exteins, Tyr has never been shown to undergo a rearrangement analogous to Ser, Thr or Cys, which is needed to form the peptide bond between the ligated exteins ( Figure 1 ). An intein-like element with Tyr + 1 would require a third protein-splicing mechanism if it was splicing-competent. Recently, other bacterial intein-like elements (BILs) were identified with novel phylogenetic distributions [10] . Type B BILs are less similar in sequence to inteins than type A BILs. Type A BILs have all intein signature motifs except for the +1 Ser, Thr or Cys. The functionality of type A BILs lacking the standard intein +1 nucleophile has not been tested. This study examines the activities of such a type A BIL in the Magn8951 gene.
Experimental
The Magn8951 BIL plus six native extein residues flanking each side of the element was amplified by PCR from M. magnetotacticum strain MS-1 genomic DNA (a gift of L. Elizabeth Bertani, California Institute of Technology) and cloned between the MBP (maltose-binding protein) Standard inteins and inteins naturally beginning with Ala splice by similar mechanisms that differ only in the reactions required to form the branched intermediate [1, 2, 8] . The oxygen or the sulphur atom present in the side chain of Ser, Thr or Cys is represented by an X, the black box represents the N-extein and the hatched box represents the C-extein. All tetrahedral intermediates, assisting groups and proton-transfer steps are omitted for clarity. and a paramyosin fragment using XhoI and SpeI [8] . PCR mixtures contained Vent DNA polymerase (2 units; New England Biolabs, Beverly, MA, U.S.A.), Thermopol Buffer (New England Biolabs), 200 µM dNTP, 10 µM of each primer (5 -GGTGGTCTCGAGCCGGCTCCCAGCGTCA-GT-3 and 5 -CATAATTATGGGGATGGGCCGACTAG-TGGTGGC-3 ) and 100 ng of genomic DNA in a 100 µl reaction. Amplification was carried out using a Perkin-Elmer Cetus Thermal Cycler 480 at 94
• C for 30 s, 50
• C for 30 s and 72
• C for 30 s, for 25 cycles. Subsequent clones were constructed with mutations at the +1 amino acid (the residue adjacent to the C-terminus of the intein), replacing the native Tyr + 1 with either Cys, Ser, Ala or Phe. Mutagenesis was carried out using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) and the following primers: Cys, 5 -TATTACGTGCACAATTGT-GGGGATGGGCCG-3 and 5 -CGGCCCATCCCCAC-AATTGTGCACGTAATA-3 ; Ser, 5 -TACGTGCATAA-TTCCGGAGATGGGCCGACT-3 and 5 -AGTCGGCC-CATCTCCGGAATTATGCACGTA-3 ; Ala, 5 -TACGT-GCATAATGCCGGAGATGGGCCGACT-3 and 5 -AG-TCGGCCCATCTCCGGCATTATGCACGTA-3 ; Phe, 5 -TACGTGCATAATTTCGGAGATGGGCCGACT-3 and 5 -AGTCGGCCCATCTCCGAAATTATGCACGTA-3 .
The entire Magn8951 gene was also cloned between MBP and paramyosin by PCR using the primers 5 -ACGACG-CTCGAGATGATGAACCGCTCGACC-3 and 5 -CCA-GGCGCTCCTGAGGAGTGAACTAGTGGTGGC-3 to yield MEIEP, where I is the Magn8951 BIL, M is MBP, P is paramyosin and E represents the native Magn8951 extein regions. PCR mixtures contained Taq DNA polymerase (5 units; New England Biolabs), Thermopol Buffer, 200 µM dNTP, 10 µM of each primer and 100 ng of genomic DNA in a 100 µl reaction and amplification was carried out using a Perkin-Elmer Cetus Thermal Cycler 480 at 94
• C for 90 s, for 30 cycles. A stop codon between the extein and paramyosin was removed by sitedirected mutagenesis using the QuikChange site-directed mutagenesis kit. A poly-His tag was also added to the C-terminus of paramyosin.
All clones were sequenced by the NEB Core facility. All enzymes and protein markers were obtained from New England Biolabs and used as described by the manufacturer.
MIP fusions were expressed as described [8] in ER2683 cells by induction with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) for 2 h at 37
• C followed by 15
• C overnight, while MEIEP proteins were induced for 2 h at 30
• C overnight. Purified protein was digested with Factor Xa protease as described by the manufacturer (New England Biolabs). N-terminal protein sequencing was performed by the NEB Core facility [8] . Proteins from at least two Coomassie blue-stained gels were quantified using a Microtek Scanmaker III and NIH Image 1.51 software [8] . Western blots were performed using antibodies against a C-terminal His tag (Invitrogen, Carlsbad, CA, U.S.A.) or paramyosin [8] .
Results

Reactivities of the Magn8951 BIL
The Magn8951 BIL (I) was cloned by PCR into a standard model precursor consisting of MBP (M) as the N-terminal extein and a fragment of paramyosin (P) as the C-terminal extein [11] , generating an MIP precursor. Since protein splicing in foreign contexts is often improved by providing native extein flanking residues, six N-terminal (PAPSVS) and six C-terminal (YGDGPT) native extein residues were included in MIP. Expression in Escherichia coli at 37
• C yielded mainly MIP precursor (Figure 2) . However, if the induced cells were further incubated at 15
• C overnight, 95% of the MIP precursor was converted to N-terminal cleavage products (M + IP). After purification on amylose resin, no spliced product was observed in Coomassie blue-stained SDS/PAGE gels or after Western blot analysis (Figure 3 and results not shown). Overnight incubation in vitro of amylose purified polypeptides (consisting mainly of M + IP and a small amount of precursor) at various pH values (pH 5, pH 7 or pH 9) and temperatures (4, 24 or 37
• C) yielded a small amount of I and P at pH 7 and pH 9 at both 24 and 37
• C, but not at pH 5 or at 4
• C (Figure 3 and results not shown). The formation of free paramyosin indicates that C-terminal cleavage is possible at neutral or alkaline pH. Free Magn8951 BIL (I) was generated from single cleavage of IP or double cleavage of MIP, but not from splicing, as no spliced MP was observed.
To determine whether N-terminal cleavage required Tyr + 1, it was mutated to Phe or Ala in the MIP context. The reactivity of these mutants was similar to the native Tyr + 1 precursor, resulting in vivo in 86 and 81% N-terminal cleavage products, respectively (Figure 2 ). No spliced product was observed after purification over amylose resin (results not shown).
Rescue of splicing activity of the Magn8951 BIL
Since all of the conserved intein residues known to assist in protein splicing were present in the Magn8951 BIL except the +1 nucleophile, Tyr + 1 was mutated to Ser or Cys to determine if 'reverting' to the standard intein residue would activate splicing. Analysis of crude lysates ( Figure 2 ) and amylose-purified proteins (Figure 3 and results not shown) indicated that only N-terminal cleavage occurred in vivo when Tyr + 1 was mutated to Ser + 1, but a small amount of spliced MP was produced when Tyr + 1 was mutated to Cys + 1, along with the predominant N-terminal cleavage products. The spliced MP product was identified by relative mobility in SDS/PAGE, its ability to bind to amylose resin (which requires MBP activity) combined with immunoreactivity to sera specific to a C-terminal His tag, 
Reactivity of the Magn8951 BIL with its complete native exteins
To eliminate the possibility that the Magn8951 BIL failed to splice because of local or global folding issues relating to expression in a foreign context, the entire N-and C-exteins were cloned into MIP to create MEIEP. When MEIEP was induced with IPTG, the cells grew poorly at 37
• C. Cultures induced with IPTG at 30
• C yielded a small amount of MEIEP precursor and no observable cleavage or splicing products. As was the case with MIP, cultures shifted to 15
• C overnight yielded N-terminal cleavage products (ME + IEP), which represented 85% of total protein purified over amylose resin (Figure 3) . No spliced product was observed after purification on amylose or in Western blots.
Discussion
The predominant reaction mediated by the M. magnetotacticum Magn8951 BIL was N-terminal cleavage. No splicing was observed with the native Magn8951 BIL, indicating that Tyr + 1 is unable to yield a spliced product with a stable peptide bond between the ligated exteins. Small amounts of C-terminal cleavage products were observed after overnight incubation in vitro at neutral or slightly alkaline pH, indicating that the Magn8951 BIL can also perform C-terminal cleavage, but not very efficiently. Reduced activity at 30 or 37
• C was independent of the presence of the entire native extein and may relate to the temperature optimum of the organism, which grows at ambient temperatures in soil and water.
Mutation of Tyr + 1 to Phe or Ala demonstrated that N-terminal cleavage was independent of Tyr + 1 and its sidechain hydroxy group. As in other inteins, the N-terminal cleavage side reaction is due to hydrolysis of the N-terminal (thio)ester. However, the Magn8951 BIL clearly has the potential to be a fully functional intein, as demonstrated by its ability to splice when Tyr + 1 was 'reverted' to Cys. The low levels of spliced product are possibly due to the inefficient C-terminal cleavage step, which leaves the linear and branched thioester intermediates vulnerable to hydrolysis and N-terminal cleavage. The failure of Ser + 1 to restore splicing, while Cys + 1 promotes splicing, most likely relates to differences in pK a . At neutral pH, ≈10% of Cys side chains are deprotonated, while Ser requires assisting groups to increase nucleophilicity, which are absent in the Magn8951 BIL. Similar results have been observed with many inteins where mutation of either the intein N-terminal Cys or Cys + 1 to Ser or Thr blocked splicing.
Taken together, these results suggest that the Magn8951 BIL is an intein that lost the ability to splice when its +1 residue was mutated to Tyr. Why hasn't this element accumulated more mutations and become a pseudo-intein? One possibility is that this is a recent mutation. Another possibility proposed by Pietrokovski and co-workers is that the host protein may be functional after release of the BIL by N-terminal cleavage [10] . This may be especially relevant in the case of Magn8951, since its C-extein is only 24 amino acids long. Experiments in model precursors indicate that N-terminal cleavage is the predominant chemical reaction performed by the Magn8951 BIL. Efficient N-terminal cleavage requires maintenance of splicing motifs and structure in the entire mini-intein, not just in the first ≈100 amino acids of the intein, which are known to encode amino acids that facilitate reactions at the intein N-terminus [1, 2, 8] . In experiments with reassembled split inteins, fragments containing as much as 80% of the N-terminal of the Pyrococcus sp. GBD DNA polymerase intein required association with the intein C-terminal fragment for cleavage at the N-terminal splice junction [12] . Similar results have been obtained with all other split inteins.
The intein splicing domain and the Hedgehog autoprocessing domains share sequence motifs, some enzymic properties and a structural fold termed the HINT module [5, 6] . Many groups have proposed that an early function of HINT domains was the formation of a reactive (thio)ester at the N-terminus of the HINT module [1, 10, 13, 14] . Formation of a (thio)ester is a common mechanism for autoproteolysis [1, 2, 15, 16] . In the case of the Drosophila Hedgehog protein, a small SSR (sterol-recognition region) is fused to the C-terminus of the HINT domain; the SRR mediates attachment of cholesterol to the Hedgehog signalling domain after a transesterification reaction in which the hydroxy group of cholesterol displaces the autoprocessing domain that is connected to the signalling domain by a (thio)ester bond [5] . It has been proposed that a similar small PLR (polypeptide ligation region) is fused to the C-terminus of the HINT domain in inteins, which provides C-terminal peptide ligation and intein-release functionalities to the HINT module [13] . Pietrokovski and co-workers have proposed that BIL elements are a new type of HINT module that may be involved in secretion, localization or generation of C-terminal sequence diversity of the host protein (extein) [10] . However, no C-terminal addition beyond the standard intein C-terminal motifs is evident in the Magn8951 BIL that could provide a similar functionality as the SRR or PLR (i.e. selection of the second molecule and its ligation by nucleophilic displacement of the HINT element) for the BIL.
If BILs are merely selfish genes, then N-terminal cleavage may be the only reaction required to restore host protein activity. The function of the Magn8951 BIL is still a mystery, but what is clear is that inteins are novel and amazingly flexible enzymes with many properties still to be discovered.
